Formation and development of hyperhydric tissue (HHT) were investigated morphologically and anatomically in Populus tremuloides seedlings flooded for 5, 9, 15,22,30, 45, and 80 days. HHT was initiated after 5 days of flooding (DF) by swelling of the filling tissue of lenticels, probably by water intake. At the same time, cell division was initiated in the phellogen and phelloderm of lenticels. Repeated divisions'of the phellogen of flooded lenticels produced long files of cells that pushed the filling tissue outwards. After 9 DF the activity of the phellogen extended beyond the lenticels. When large, extensive areas of phellogen were involved, HHT formed patches of short tissue covering most of the stem surface. When the activity of the phellogen was restricted to a small area, long columns of HHT were produced instead. In one case, in a stem flooded for 80 days, the formation of a new phellogen immediately below the old one was observed. Cells produced centrifugally by the active phellogen of flooded seedlings were thinwalled, not suberised, without nuclei, radially elongated or with irregular shape, firmly connected by their tangential walls, but with only a few points of contact with neighbouring cells by their radial walls, mainly by knoblike projections. After 22 DF the cortical parenchyma and rays of the secondary phloem started to take part in HHT formation, producing new, larger cells, rich in starch grains, with large aerenchyma spaces thilt greatly increased bark thickness and por~~ity.
Introduction
The most immediate morphological response of woody plants to flooding is the swelling of lenticels to produce a white, spongy, fast growing tissue. This tissue extends in some cases up to 1.0 cm from the stem surface. This phenomenon has been observed in many woody species, and it was reported as early as 1832 by Von Mohl. De Bary (1884) described the formation of a white, spongy tissue from the lenticels of woody stems immersed in water, and attributed its formation to the hygroscopic properties of the periderm. He cited previous work by De Candolle and other authors. KUster (1925) used the term 'hyperhydric tissue' (HHT) to designate the tissue formed by plants exposed to a water-saturated environment. He claimed that HHT can be formed by stems, roots, leaves, and flowers, and that immersion in liquid water is not necessary for its formation, since some species are able to produce it when exposed to mist. It was not until 1967 that the term HHT was used again by Ginzburg, in his study on adventitious root formation in twigs of Tamarix aphylla L. immersed in water. He showed that adventitious roots originated from HHT as a response to flooding Several authors studying the responses of woody plants to flooding have reported the formation of 'hypertrophied lenticels' in stems immersed in water for several days (Hook et al. 1970; Teskey & Hinckley 1978; Newsome et al. 1982; Hook 1984; Angeles et al. 1986; Topa & McLeod 1986) . Claims have been made of lenticel proliferation in flooded woody stems (Newsome et al. 1982; Topa & McLeod 1986; Tsukahara & Kozlowski 1985) . It is suspected that HHT fonnation of a spongy tissue by flooded plants improves aeration of the immersed organs (Annstrong 1972 (Annstrong , 1979 Angeles et al. 1986; Glinski & Stepniewski 1985; Hook 1984; Hook & Brown 1972; Hooketal.1972; Kawase 1981; Koslowski 1984; Topa & McLeod 1986 ).
Materials and Methods
Populus tremuloides Michx. seedlings (parent material: female from Clinton Co., New York; male from Oneida Co., New York) were obtained from the Forest Experimental Station of the College of Environmental Science and Forestry at Syracuse, New York, and grown in 15 x 15 cm plastic pots in a 1 : 2 : 1 : 1 (by volume) mixture of top soil, peat moss, vermiculite, and perlite. The seedlings were acclimatised for one month in the greenhouse before starting the experiments. During this time, the seedlings were watered every day. When they were ten weeks old, a group of 37 healthy seedlings were chosen for unifonnity of height and number of leaves, and randomly divided into two groups: one (with 21 seedlings) to be flooded, and the other one (with 16 seedlings) to be used as controls. Pots containing the seedlings to be flooded were placed in a large fish tank filled with enough water to cover the root system and the adjacent 6 cm of stem. Water in the tank was replenished every day to compensate for evapotranspiration. Control seedlings were watered every other day.
Experimental seedlings were flooded for 5, 9, 15, 22, 30, 45, and 80 days (DF) . At the end of each flooding period three seedlings were harvested. The 6 cm long flooded stem segments were subdivided into six 1 cm long pieces, and fixed in FAA under a mild vacuum for 24 hours to ensure a good fixation (Berlyn & Miksche 1976) . Two control seedlings were harvested at the beginning of the experiment, and two more at the end of each experimental period. A portion 6 cm long, measured from above the soil line, was subdivided and fixed in the same way as the treated ones.
The morphological changes occurring in the submerged portions of flooded stems were observed with a dissecting microscope and a scanning electron microscope (SEM). IAWA Bulletin n.s., Vol. 11 (1), 1990 For observations with the dissecting microscope, the bark surfaces of flooded stem portions were illuminated with a fibre optics lamp. For observations with the scanning electron microscope, tangential segments of control stems and treated stems were cut off, freeze-dried, mounted on aluminum stubs, sputter-coated with gold-palladium, and observed with an ETEC SEM at 10 kv.
Stem segments 1 cm long, from treated and control specimens, were washed in running tap water to remove the fixative and softened for 24 hours in a 4% aqueous solution of ethylene diamine (EDA) for 24-48 hours under mild vacuum (Carlquist 1982) . When soft enough to be cut with a razor blade, the stem segments were washed in running tap water until the yellow colour of the EDA disappeared. The softened stem segments were dehydrated with a graded series of tertiary butyl alcohol (Berlyn & Miksche 1976) , infiltrated and embedded with 65°C paraffin. Cross and longitudinal sections, 8-10 Ilm thick, were made with a rotary microtome. Sections were stained with a combination of tannic acid, ferric chloride, saffranin, and fast green (Gurr 1965) . Unstained cross sections were used for histochemical tests. To detect suberin in the bark, sections were mounted directly in a solution of Sudan III dissolved in equal parts of 95% alcohol and glycerine (Clark 1981 ) and examined under the light microscope. To test for starch, sections were mounted directly in Lugol's solution (Gurr 1965) and observed under the light microscope.
Results

Morphological changes
HHT development on flooded stem surfaces is illustrated in Figures 1-3 . Its fonnation was first observed macroscopically on lenticels of seedlings flooded for 9 days. At 15 DF swelling of lenticels by HHT broke the surrounding peridenn ( thin-walled cells can be seen. HHT had covered most of the stem surface in Figure lh , which was flooded for 80 days.
Figures 2 and 3 are SE micrographs of stem surfaces. A controllenticel is shown in Figure 2a , where it is seen as an almost flat, smooth structure, with some small fissures (arrow). Figure 2b shows a lenticel that was immersed in water for 5 days. The cells forming the filling issue (f) had swollen. As flooding proceeded, the filling tissue swelled even more, projecting farther from the stem surface (Figs. 2c & d) . Stems flooded for 22 days showed fissures in their periderms in areas not related to lenticels, from where HHT emerged (Fig. 3a) . After this stage, HHT formation followed two different patterns, as illustrated in Figures. 3c & d . In some cases, long, slender columns of HHT were formed on small areas of periderm, while the rest of the periderm remained intact (Fig. 3c) , or it was formed on an extended area of the periderm, forming patches of a short, porous tissue (Fig. 3d) .
Anatomical changes
Bark anatomy of control stems -The phellogen of control stems is composed of a single layer of cells, producing 4-7 rows of phellem (cork) cells outwards, and a single layer of phelloderm inwards (Fig. 4a) . Histochemical tests with Sudan III showed that the phellem cells of control stems are suberised. The lenticels are formed by several layers of highly suberised, tannin-rich cells, forming a filling tissue; a single layer of phellogen, and several layers of phelloderm, which is composed of small, isodiametric cells (Fig. 4a,  arrow) . The primary cortex consists of severallayers of tangentially elongated, elliptical Sg IAWA Bulletin n. s., Vol. 11 (1), 1990 • --'{'". " . n;.;>., .
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• , e, :J.! "., (Fig. 4b) , losing cell to cell contact. At the same time, the phelloderm cells of the lenticels divided anticlinally (Fig. 4b, arrow) . At 9 DF the lenticular phellogen started to divide periclinally, producing files several cells long (Fig. 4c) . Longer files of cells were· produced by the lenticular phellogen at 15 DF. At this stage, the phellogen activity propagated around the lenticels, forming filaments that lifted the layer of cork cells opposing them (Fig. 4b) . Between 22-30 DF the cortical parenchyma cells produced abundantly larger, rounded cells, loosely connected to neighbouring cells (except when the neighbour was a sclereid, to which they remained firmly attached) (Fig. 5a-c) . At the same time, rays in the secondary phloem formed larger cells, and in some cases, expanded rays up to five cells wide were formed (Fig. 5c) . The cortical and phloem parenchyma cells formed at 30 DF were rich in starch grains (Fig. 5c) , as revealed by Lugol's test. These anatomical changes greatly increased bark thickness and porosity of flooded stems (compare Fig. 4a with 5a) . Figure 6 illustrates the anatomical changes in a stem flooded for 80 days. The phellogen activity extended to cover a large stem portion (dark line pointed by an arrow in Fig.   6a ), producing abundant HHT. The cortex became aerenchymatous. Figure 6b is an enlargement of the region indicated by an arrow in Figure 6a . The cells produced by this active phellogen are radially elongated or have irregular shapes, as the one pointed by an arrow. They are firmly attached to their neighbours only by their tangential walls. The radial contact with neighbouring cells is reduced to a few points, mainly through knoblike projections. The cells produced by this active phellogen had thin walls and were virtually empty. They lost their nuclei as soon as they became separated from their mother cells, and the cytoplasm, when present, was distributed parietally, forming a thin ring. Also, they failed to produce suberin, as tests with Sudan III revealed. Figure 7 shows a different pattern of HHT formation that was observed in some flooded seedlings. Here, a new phellogen was formed in a small area of the periderm, producing an extraordinary number of cells outwards, forming a large column of HHT. The column shown in Figure 7 was lined with bacteria (darker cells at the periphery of the column).
Discussion and Conclusions
Even though HHT formation was initiated in the lenticels of flooded seedlings, its formation was not restricted to them, since the flood-induced phellogen activity rapidly propagated beyond the lenticels. As flooding proceeded, inner bark tissues (cortex, secondary phloem parenchyma) took part in HHT formation. Both hypertrophy (increase in volume through cell expansion) and hyperplasia (increase in volume through cell prolifera- tion) took place during HHT formation. For these reasons, it is recommended here to discontinue the use of the term 'hypertrophied lenticels' in favour of the more accurate term 'hyperhydric tissue' to designate that tissue formed in immersed stems of woody plants.
A direct mechanism by which flooding could induce cell proliferation and elongation is not known. However, an inq. irect mechanism by which water could proouce such effects is by entrapping ethylene within the tissues. Since diffusion of this gas in water is 10,000 times slower than in air (Glinski & Stepniewski 1985) , ethylene can build up quickly within the tissues of flooded plants. Ridge (1987) concluded that this gas accumulates considerably in water immersed plants, either exclusively by gas entrapment or by a combination of entrapment and increased production. Cell wall expansion and proliferation taking part in HHT formation can be attributed to the action of ethylene. For cell expansion to take place, increased cell wall extensibility and turgor pression must occur. Kawase (1981) showed that ethylene causes an enhancement of cellulase activity, softening the cell wall. Ridge (1987) suggested that ethylene, in combination with auxin, decreases cell wall pH, increasing cell wall extensibility, while gibberellic acid increases the osmotic potential of the protoplast, providing the 'driving force' for cell expansion. Ridge (1987) hypothesised that when cells extend to some extent, the rate of cell division increases. There is some evidence of anatomical changes induced in stems of woody plants exposed to exogenous ethylene closely resembling those observed in the present study. Twigs of Pyrus malus var. translucent exposed to ethylene under a bell jar for several days (number of days not specified) formed a white, soft tissue resembling HHT that caused the periderm to split longitudinally (Wallace 1926) . Yamamoto et al. (1987) applied ethrel (an ethylene releasing agent) around the stem of Ulmus americana seedlings, causing proliferation of cortical cells and large aerenchyrna spaces in the bark. KUster (1925) reported HHT formation in other organs besides the stem. He observed this phenomenon in water immersed leaves of Ficus elastica, and claimed that roots, leaves, and flowers of other species also are able to form HHT when immersed in water or exposed to a water mist. Since several physiological changes are involved in the process of HHT formation, this phenomenon deserves more attention than it has received so far.
